A new model for the local structure of the Svalbard archipelago, based on joint inversion of teleseismic receiver functions and regional surface wave dispersion, is optimized for waveform simulation at near-regional distances, thus allowing a better match between synthetic and observed waveforms for local earthquakes. We have used this model to calculate a moment tensor for the M w 6.0 event of 2008 February 21 that occurred off Spitsbergen's southeast coast, and have reconciled the regional solution with the teleseismic solution. We have also compiled moment tensor solutions for other members of the earthquake sequence, which allow us to quantify the direction of maximum horizontal stress for the region. This direction does not align with the local direction of plate motion, and the difference between the two directions indicates the importance of local stress perturbations on the earthquake process near Svalbard.
I N T RO D U C T I O N
Svalbard, on the western margin of the Barent's shelf, is the site of numerous earthquakes (e.g. Austegard 1974; Mitchell et al. 1990) , and in 2008 experienced a significant sequence of events, the largest of which was M w 6.0. One analysis of that sequence (Pirli et al. 2010) used data from stations at regional distances (86 ≤ x ≤ 2584 km) to construct a moment tensor for the main shock based on a regional plane-layered velocity model derived from surface wave tomography (Levshin et al. 2007) . Waveform fits for this mechanism were good for stations at far-regional distances, but not as good for stations within 300 km of the epicentre. This situation calls for a revised crustal model at local distances, optimized for waveform simulation, so modern broad-band sensors that have been installed in recent years can be exploited for detailed analysis of new events.
From the perspective of regional tectonic processes, it is interesting that the 2008 earthquake's focal mechanism conflicts with the general tectonic fabric and strike of the major mapped faults in the archipelago. The relationship of these faults to the seismic activity and the regional stress field is obscured by the low magnitudes of the earthquakes, which makes them difficult to model. Again, the installation of modern sensors across Svalbard and a crustal model suitable for waveform simulation should enable the investigation of smaller earthquakes, which in turn will foster understanding of the current seismo-tectonics of the region.
The immediate goal of this study is then twofold: first, to develop a model for the crustal structure of Svalbard suitable for waveform simulation at near-regional stations, and then to compile mechanisms for smaller earthquakes and examine their relationship to mapped and inferred faults.
The results presented here show promise. The newly developed crustal model allows improved waveform fits at stations across Svalbard, and 12 new mechanisms have been determined for smaller earthquakes: nine from aftershocks of the 2008 event and three small earthquakes east of the aftershock source region. These mechanisms are consistent with a stress field oriented generally east-west but not parallel to current plate motions.
G E O P H Y S I C A L S E T T I N G
The Svalbard archipelago ( Fig. 1) consists of four major islands: Spitsbergen, Nordaustland, Edgeoya and Barentsoya, all lying on the western margin of the Barent's shelf. Spitsbergen itself is heterogeneous, being comprised of several north-south trending geological terranes that are separated by clearly defined faults and fold belts which resulted from orogeny beginning in Devonian time (e.g. Harland et al. 1974; Johnsen et al. 2000) . Which faults remain active, and how current seismicity is related to the regional stress field are questions that this investigation should help address.
Not surprisingly, most of the seismic activity near Svalbard is located along segments of the Mid-Atlantic Ridge between the Barent's shelf and Greenland. The Mohons Ridge, Knipovitch Ridge, Nansen Ridge and the Spitsbergen fracture zone have produced numerous interplate earthquakes with M ≥ 5.0 since 1995, but zones of 'intraplate' seismicity exist, which produce abundant lowmagnitude earthquakes and the occasional larger event. This activity was first identified by Austegard (1974) based on records from the WWSSN station at King's Bay (KBS). Following that study, a collaborative effort between St Louis University and the Norwegian Polar Institute located and cataloged numerous events in Nordaustland and in Heerland, along Spitsbergen's southeast shore (Mitchell et al. 1990 ). None of the Heerland earthquakes, however, aligned with Spitsbergen's major faults, such as the Billefjorden fault zone (BFZ) or the parallel Lomfjorden fault (located east of the BFZ, but not illustrated), both of which strike generally north-south. Instead, they formed a clear east-west lineament perpendicular to the BFZ and extending eastwards into Storfjorden.
Recent seismicity patterns (NORSAR 2012) generally corroborate the current inactivity of the major faults, although it might be argued that the 2008 event and its aftershocks occurred on a southern extension of the BFZ. Such an extension has been inferred from potential field data (Breivik et al. 2005) . The distribution of the aftershocks of the 2008 event argues against this notion, however, as it forms a cloud of hypocentres that are aligned roughly NE-SW, which is consistent with one of the nodal planes of the mechanism of the main shock.
C RU S TA L V E L O C I T Y M O D E L
As stated previously, the immediate goal for this work is the development of a model suitable for waveform simulation and the construction of moment tensors for local earthquakes. For this effort we followed Julia et al. (2000) and used a joint inversion of teleseismic receiver functions and Rayleigh-wave group velocity dispersion curves. Joint inversion places more constraints on the solution of the normal equations, and thus produces a model that can satisfy both data sets while introducing a minimum number of sharp contrasts (Ammon et al. 1990; Julia et al. 2000) . Several recent studies have employed this method to illuminate the crustal structure in various regions with good results (e.g. Du & Foulger 1999; Chang & Baag 2005; Gok et al. 2007; Zhou et al. 2009 ).
Receiver functions
Events used for receiver function analysis (Table 1) had moderately large magnitudes (M ≥ 5.5) for good signal-to-noise ratio and relatively simple source-time functions. All were at teleseismic distances from KBS and SPITS, thus ensuring that the arriving wavefronts had small incidence angles and adequately sampled the structure beneath the stations. Fig. 2 shows the propagation paths of the events used to compute receiver functions. This data set provides good azimuthal coverage for both stations; approximately 300
• of azimuth around KBS and 240
• around SPITS are illuminated, so there is little azimuthal bias.
We computed the receiver functions using the iterative time domain approach of Kukuchi & Kanamori (1982) as modified and implemented by Ligorria & Ammon (1999) and Herrmann & Ammon (2002) . We allowed a maximum number of 500 points in the synthetic and observed receiver functions and used a Gaussian filter of α = 1.0 to control the bandwidth of the data.
Receiver functions at KBS and SPITS, sorted by backazimuth, are shown in Fig. 3 , where the arrival of Ps, the conversion from the crust-mantle boundary, is highlighted in red. At KBS the conversion time, t Ps , varies between 3 and 4 s after the P arrival time, t P , and for SPITS it varies between 4 and 5 s. This small increase could reflect crustal thickening from west to east. Moreover, t Ps at each station varies slightly as a function of backazimuth, which again suggests crustal thickening. Assuming that V P and V S do not change appreciably over the distance from KBS to SPITS, the variation of t Ps − P implies that the crustal thickness at KBS is 75-80 per cent of the thickness at SPITS. Some secondary reverberations can be seen in each of the receiver functions, but no coherent features or multiples are visible after about 8 s. Table 2 lists the earthquakes selected for group velocity analysis, which offer approximately 330
Surface wave dispersion
• of azimuthal coverage around KBS. These events were selected for having paths restricted to purely continental propagation (Barent's shelf) or a two-segment mix of oceanic and continental propagation. Events whose paths repeatedly traversed multiple path types (e.g. continental to oceanic and back to continental) were excluded.
Rayleigh-wave group velocities were measured using conventional multiple filter analysis (MFA) in the passband 12 ≤ T ≤ 55 s (Dziewonski et al. 1969; Herrmann & Ammon 2002) . To separate the contributions of the oceanic and continental paths, we employed a simple two-province regionalization (e.g. Forsyth 1975; Woods & Okal 1994) , expressed as
where t g is the total group-delay time, L is the path length, U is the group velocity and the superscripts o and c designate oceanic and continental propagation, respectively. In this case, we used the 500 m isobath along the continental margin to delineate the boundary between oceanic and continental crust. Of course the oceanic portion of the path can be further regionalized into distinct age zones as
where L o i j is the length of the i-th path in the j-th age-zone, and U o j is the group velocity in the j-th zone. For this computation we used the regionalized U o j values from Woods & Okal (1994) in the ranges: 0 ≤ AGE < 3 myr, 3 ≤ AGE < 10 myr, 10 ≤ AGE < 20 myr and AGE ≥ 20 myr. As seen in Fig. 4 , only one propagation path is longer than 800 km, so there is little need to account for the effects of oceanic crustal anisotropy on group velocity.
The regionalized Rayleigh-wave group velocities for the Barent's shelf are shown in Fig. 5 , where they can be seen to be generally consistent with values from Chan & Mitchell (1985a) , but slightly faster (∼10 per cent) for T ≤ 35 s. At longer periods the curves diverge, which probably indicates their useful upper period limits. The offset between the curves is likely due to the sets of propagation paths used in the two studies. We used relatively short continental paths across and near the Svalbard archipelago, whereas Chan & Mitchell (1985a) used longer paths that crossed the southern and the central portions of Barent's shelf, and which sampled its deeper sedimentary basins. The group velocity measurements from this study are listed in Table 3 .
Joint inversion
Our general strategy for the joint inversion was to start with a finely parametrized model with no a priori constraints, allow the model to evolve and reveal the overall crustal structure, and then to simplify the parametrization by constraining the crust-mantle boundary and combining thin layers with similar V S into thicker ones. The resulting model is then representative of the actual structure and uses a minimum number of parameters to capture its essential features.
Receiver functions and group velocity dispersion depend strongly on V S , and only weakly on V P . With this in mind, in all trials the starting model consisted of a stack of plane layers with uniform V S = 4.4 km s −1 . We further assumed each layer to be a Poisson solid, and assigned its density using the relation between V P and ρ (Ludwig et al. 1970) . The assumption of Poisson's ratio ν = 0.25 might be questioned in light of the recovery of mantle xenoliths from northwest Spitsbergen having a composition of 90 per cent spinel lherzolite (Amundsen et al. 1987 ). Poisson's ratio in lherzolitic rock varies as 0.255 ≤ ν ≤ 0.295 (Brocher 2005 ), but models inverted with ν = 0.25 and with ν = 0.295 showed only minor differences, so assuming a Poisson solid appears to be justified. We investigated various relative weights for the input observables but found the recommendations of Zhou et al. (2009) to produce good results. A weight of 85 per cent for the receiver functions allowed the inverse model to accommodate reasonable detail in the crust, whereas the value of 15 per cent for the dispersion curves stabilized the model in the mantle. Fig. 6 summarizes the result for the inversion. Panel (a) illustrates the starting model, SJIa, and the preferred model SJb down to 50 km. The slow layer extending from the surface to Z = 2 km reflects the thick sequence of mixed shales and sandstones covering Spitsbergen (Johnsen et al. 2000) . The weak low-velocity zone over 12 ≤ Z ≤ 16 km persisted throughout all trials and appears to be demanded by the available data. We interpret the crust-mantle interface to be at Z ∼ 26 km, consistent with Chan and Mitchell's (1985a) earlier result. The parameters for SJIb are listed in Table 4 . Panel (b) shows 25 s of the average receiver function and modelled synthetic, which overlay one another. Each shows a clear Ps conversion at about 3.5 s, and smaller oscillations at about 14 s, which suggests other converted phases arriving over a broader time interval. Panel (c) shows the inverse fit to the observed group velocities, which span the period range 12 ≤ T ≤ 55 s. As noted previously, the observed U i are scattered for T ≥ 35 s, so the fit to the dispersion curve degrades somewhat at long period. Moreover, the observed curve of U i for the shortest periods flattens slightly more than does the inverse fit.
The benefit of the joint inversion is readily apparent in Fig. 7 where we compare SJIb with models KBS, derived from receiver functions only (Ottemoller & Midzi 2003) , and BARMOD, derived from surface waves only (Shapiro & Ritzwoller 2002) . The model derived from receiver functions is quite detailed over the entire depth range, with subtle velocity variations and interfaces needed to accommodate small inflections and phases in the receiver functions. In contrast, the model derived from the surface waves is much simpler, showing only a two-layer crust and less variability in the mantle. The joint inverse model, however, naturally allows the model to be detailed where the input data afford greater resolution and simpler where they do not. This 'complementarity' of the data was evident in the model resolution kernels. The kernels were uniformly compact, with half-widths of about 20 km, which showed that the velocity estimate for any depth range relied primarily on information centred about that range. In contrast, other trial models which relied on surface waves or receiver functions exclusively, showed Forsyth (1975) and modified by Woods & Okal (1994) . The 500 m isobath is used to delineate the continental margin. a broader half-width (40-60 km), and were sometimes multimodal, which indicated little or no power to resolve structure at a given depth.
E A RT H Q UA K E M E C H A N I S M S
As high-fidelity waveform simulation is the purpose of model SJIb, we next turn to the analysis of the earthquake sequence of 2008. Pirli et al. (2010) reported two distinct mechanisms for the main shock, one constrained by waveforms at teleseismic distances (M w 5.9) and one by waveforms at regional distances (M w 6.1). The teleseismic mechanism generally agreed with the global CMT (http://www.globalcmt.org), but the regional mechanism did not. The strike of the NE-dipping nodal plane for that mechanism was rotated 17
• clockwise from the CMT value, and the rake of the auxiliary plane was rotated −23
• from the CMT value. Neither the vertical nor radial component model seismograms for HSPBB and KBS, the closest stations, matched the observed waveforms in amplitude or phase, although the transverse components did so reasonably well.
For the mechanism reported here, we computed Green's functions from model SJIb, and used the code MTINV (Ichinose et al. 2003) for the inversion. The resulting deviatoric moment tensor is illustrated in Fig. 8 , along with waveform comparisons for stations KBS, KEV and LVZ. The data from SPITS were clipped for this event, so were not included. This mechanism achieved a 65 per cent Chan and Mitchell (1985a) . Note that despite static shift between curves, they have the same shape, and especially the position of the velocity minimum. variance reduction, producing an improved match to the observed waveforms in three passbands for both long-period Pnl waves (6 ≤ T ≤ 40 s) and long-period surface waves (20 ≤ T ≤ 60 s). Note that the strikes, dips and rakes of the nodal planes (Table 5 ) are now consistent with both the global CMT and the teleseismic solution presented by Pirli et al. (2010) . Encouraged by the success of model SJIb at matching the nearregional waveforms, we computed mechanisms for 12 other events, which are illustrated in Fig. 9 . Each of the solutions is detailed in the Supporting Information. The variance reduction achieved for For the velocity models, the starting model (black dotted line), one trial parametrization of thin layers (SJIa, blue) and our final model (SJIb, red) are shown. The fits to both the composite receiver function and dispersion curve are also shown in red. As discussed in the text, the input receiver function was weighted more heavily (85 per cent) than was the dispersion curve (15 per cent). Figure 7 . Comparisons of SJIb (grey line), with KBS (blue) and BARMOD (red) velocity models. KBS was derived exclusively from receiver functions at station KBS, and BARMOD from surface wave tomography throughout the Barent's Sea region.
these determinations averaged about 80 per cent, with one exception being for the small M w 3.5 event of 2010 March 13 in which the variance reduction was only 32 per cent. This value was controlled by the low signal-to-noise ratios at KBS and SPITS, but the waveform fits were satisfactory for two passbands, so the solution was retained. Although mechanisms have been reported on occasion for isolated earthquakes in Svalbard (e.g. Mitchell et al. 1979; Chan & Mitchell 1985b; Pirli et al. 2010) this is the first series of related events for which well-determined mechanisms can be compiled. Our mechanisms are largely consistent with those reported by Pirli et al. (2013) , however, we have produced several unique solutions that extend down to M w 3.5. Table 5 . In each waveform plot, the observed waveforms are shown in grey, and the synthetics are in colour. The red synthetic waveforms were used to construct the mechanism; the blue synthetic waveforms represent a forward modelling calculation to show the quality of the fit at higher frequencies. Table 5 . Moment tensor solutions for the selected events, where all epicentres are from the NORSAR regional reviewed catalogue. The origin time, depth, M w , strike, dip and rake for the moment tensors were determined with MTINV and model SJIb. The 'Stress Regime' was estimated following the procedures of Zoback (1992) and Zoback & Zoback (2002) . φ H is the orientation of the maximum horizontal principal stress, σ Hmax . Most of the earthquake epicentres are clustered into a small source area, but the epicentre for the event of 2011 October 2 is displaced about 52 km from the centroid of the source region, and so it could be argued that this event should not be considered to be a member of the earthquake sequence. Table 5. transverse components, and the nodal planes are well constrained. All mechanism parameters are listed in Table 5 , along with membership in a 'Stress Regime', and the orientation, φ H , of the maximum horizontal stress. This characterization followed the procedure of Zoback (1992) , and Zoback & Zoback (2002) , in which the earthquake moment tensors were decomposed into their eigenvalues and eigenvectors, which were then rotated into the principal stress coordinates. The stress regime was then classified according to the relative magnitudes of the vertical and horizontal stresses. Note that the earthquake 2011 August 13, was classified as indeterminate because of the orientation of the nodal planes, so σ H is ambiguous and not listed.
The presence of both normal and strike-slip mechanisms reported here strongly suggests that the vertical stress σ V is comparable in magnitude to the maximum horizontal stress σ Hmax . It also complicates the tectonic interpretation of the earthquake sequence. From the general location of the epicentres, it would be reasonable to conclude that the earthquakes occurred on a southward extension of the Lomfjorden or BFZs, a feature that has been frequently suggested, but never definitively imaged (e.g. Breivik et al. 2005; Czuba et al. 2008) . The on-shore strike of the BFZ is about 176
• (McCann & Dallmann 1996) , so a simple extrapolation would suggest that the earthquakes aligned roughly along this azimuth. It is surprising then, that neither the aftershock distribution nor any of the computed moment tensors support this contention. Indeed, Pirli et al. (2010 Pirli et al. ( , 2013 argued that the NE-SW striking nodal plane (azimuth 53
• ) of the mechanism was the likely fault plane. In contrast, the normal-fault earthquakes reported here probably resulted from extension across a fault or faults striking about 280
• ± 21
• . We note that this value is roughly consistent with the strikes of the NW-SE auxiliary plane (azimuth 308
• ) in Pirli et al.'s (2010 Pirli et al.'s ( , 2013 regional and teleseismic mechanisms. Thus, a single fault or fault system could explain the presence of both the strike-slip and normal-mechanism earthquakes in a small source region. Such an orientation would also be consistent with E-W striking faults mapped on-shore (McCann & Dallmann 1996) and E-W aligned seismicity in Heerland (Mitchell et al. 1990 ). An alternative scenario would be a complex network of en echelon faults oriented nearly parallel to and normal to the BFZ, which could accommodate a variety of earthquake mechanisms. Detailed seismic reflection imagery will likely be needed to investigate this possibility.
I M P L I C AT I O N S F O R R E G I O N A L S T R E S S F I E L D
We now consider how the moment tensors for the events are related to the regional stress field in Svalbard. Fig. 10 • . Although this is a small data set, the consistency of the orientations, the small geographic area over which the earthquakes occurred, and the magnitude of the main shock appear to satisfy the criteria for the stress orientations to be ranked as an 'A'-class set (Zoback 1992) , for inclusion in the World Stress Map data set.
Also shown in Fig. 10 are the local directions of plate motion derived from recent kinemetric models (e.g. DeMets et al. 1990 DeMets et al. , 2010 . They show that the Barent's shelf in this region to be moving southeastwards at an azimuth of about 136
• . Assuming that σ Hmax aligns with plate motion, we expect earthquakes in Svalbard and across the Barent's shelf to exhibit a principal stress oriented within 15
• of that value, that is, 120
• , but this is not the case. The mean orientation of σ Hmax has been rotated between 50
• and 60
• with respect to the expected regional value. One possible reason for this rotation is the continental margin, the proximity of which has been shown to introduce a local stress, σ L , Figure 10 . Orientation of σ Hmax for each of the events listed in Table 5 , where NF mechanisms are shown in red, and SS mechanisms in green. The black arrows represent the local directions of plate motion derived from the NUVEL-1 plate kinemetric model. The inset rose diagram shows the distribution and mean of the plate directions (yellow arrow) and the distribution of φ H values for the NF (red) and SS (green) mechanisms, along with the mean value (blue arrow).
that perturbs the stress field and reorients its horizontal principal axes, σ Hmax and σ hmin . Following Sonder (1990) , as modified by Zoback (1992) , these stresses are related by γ = 1 2 tan
where θ is defined as the angle measured from the strike of the continental margin to the expected orientation of σ Hmax (φ H above), and γ as the angle measured from the expected orientation to the observed orientation. Both θ and γ can be measured, so the ratio of the regional horizontal stress difference and the local stress can be calculated. In this area, the continental margin strikes at about 156
• , so θ = 20
• . The value for γ depends, however, on which of the two values of φ H discussed earlier is adopted. If all valid estimates of φ H are included (φ H = 84
• ), then γ = 52
• , and the stress ratio is about 0.6. If the three outliers are neglected from φ H (φ H = 77
• ), then γ = 59
• , and the stress ratio is about 0.4. In both cases the local stress, σ L , clearly dominates the regional stresses associated with plate motion, thereby rotating the horizontal principal stresses. Quantitative estimates of the regional stresses show them to be tensional, and on the order of a few tens of MPa. A more extensive analysis of the uncertainty seems unwarranted at this time because of the small number of events analysed. Thus, this conclusion should be considered as tentative and will be revised as additional earthquakes occur.
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